Abstract-The training for both translation and rotation of the hand is desirable for patients with impairments. This paper focuses on the design and control of a 7-degreeof-freedom cable-driven arm exoskeleton (CAREX-7), used for dexterous motion (including translation and rotation) training or assistance of the whole-arm. The CAREX-7 includes an additional wrist module compared with CAREX, and eight cables are routed through the exoskeleton cuffs to drive the whole-arm motion. Based on the "assist-asneeded" paradigm, a novel wrench-field controller was designed to regulate a needed wrench (force and torque) on the hand for assisting its dexterous manipulation. Healthy subjects participated in path-tracking experiments while wearing CAREX-7. The experimental results show that the CAREX-7 with the new wrench-field controller can help the subjects to follow the path more closely, and this demonstrates the effectiveness of the device. The current design of CAREX-7 is unique and offers significant improvements and new functionality over the existing CAREX. The novel features are the following: 1) CAREX-7 is an exoskeleton for the full human arm, including shoulder, elbow, and the wrist, with new design issues; and 2) controller of CAREX-7 builds on a screw-theoretic approach and assists both translation and rotation of the hand, allowing for dexterous hand reorientation, which is required in everyday tasks.
performing activities of daily living (ADLs). This brings both psychological and economic burden to them and their families. Medical research shows that repetitive and task-oriented functional training can help patients with motor impairments to regain their functional abilities [1] . The treatments performed by physical therapists and medical personnel are typically time and labor intensive. Research performed with robotic training devices, introduced during the last two decades, show that these devices are effective in motor rehabilitation and can potentially reduce the expense of treatment [2] . Robotic devices can also be used for monitoring and assessing the human motion with built in sensors. Arm exoskeletons can be used for training in skeletal joint space, and this feature provides a higher flexibility compared to end-effector type robots, such as MIT-Manus [3] , the ARM guide [4] , and cable-suspended rehabilitation devices [5] [6] [7] . Conventional arm exoskeletons such as ARMin [8] , RUPERT [9] , L-EXOS [10] , EXO-UL7 [11] , [12] , and MAHI [13] have serial/parallel rigid links. The joints of these devices need to be aligned with the human joints for safe and effective transfer of forces between the machine and the human arm. This is impossible to achieve over the range of motion (ROM) of the arm as the axes of the human joints change relative to the exoskeleton body segments. One needs to remember that these joint axes within the human body are formed by pieces of bones sliding and rotating relative to each other. Some designs have addressed this problem by adding extra passive or active degrees of freedom (DOFs) to adapt to the joint misalignments [6] , [8] , [14] , [15] , which can potentially overcome this shortcoming. However, it usually makes the whole system more complex.
Cable-driven devices use lightweight cables to transmit motion and forces so that the actuators can be mounted away from the joints, which help to achieve low weight, low inertia, and cost effectiveness. Cable-driven designs have also been successfully used for rehabilitation training, such as the cablesuspended arm rehabilitation device [5] [6] [7] and the cable-driven arm/leg exoskeletons [16] , [17] . Cable-suspended rehabilitation devices are usually designed to drive the motion of an arm end-effector and provide assistance only in task space. Cabledriven exoskeletons can make use of the human skeletal system as the underlying mechanical structure and lightweight cables to actuate cuffs attached to the human limbs. With the cabledriven architecture, the joint misalignment between the machine and the human segments can be avoided. This decreases the possibility of additional injuries to subjects during robot-aided rehabilitation.
Agrawal et al. [17] [18] [19] are among the first who have demonstrated the use of cable-driven arm exoskeletons for rehabilitation. An earlier prototype, CAREX, was developed for 4-DOF shoulder and elbow movement training and is currently being tested in clinical studies. CAREX is a low-weight cable-driven exoskeleton that can be adjusted to different users. It used a rigid mechanical joint at the elbow to measure the elbow joint angle and the locations of cuffs on subject's arm, and seven active cables were routed through the exoskeleton to apply a desired force on the hand for translation motion assistance.
However, in order to conduct the full range of ADLs with the arm, one needs the ability to twist and rotate the hand, i.e., manipulate it dexterously [8] , [20] . The capability to reorient the hand depends on the DOFs of the forearm and wrist. Hence, extension of the design used in CAREX to the whole arm, including forearm and the wrist, is needed for dexterous movement training of the arm. In this paper, a 7-DOF cable-driven arm exoskeleton (CAREX-7) is developed for the movement training of the whole arm. CAREX-7 targets 3 DOFs at the shoulder, 1 DOF at the elbow, and 3 DOFs at the wrist. The mechanical structure of CAREX-7 is composed of four cuffs: one cuff above the shoulder center, one on the upper-arm, one on the forearm, and one on the hand. The total weight of the exoskeleton structure mounted on arm is about 1.6 kg (0.8 kg for the upperarm module, 0.6 kg for the forearm module, and 0.2 kg for the hand module, respectively), which is lightweight and with low inertia. The cuff locations on the human arm are measured before the experiment. An overall view of CAREX-7 is shown in Fig. 1 . Eight cables are routed through points on the cuffs to drive the 7 DOFs within the arm. This is the minimum number to achieve wrench-closure workspace for such cable-driven openchain manipulators [23] . The choice of cable-routing points was determined through optimization of the static wrench-feasible workspace required to perform ADLs.
The control scheme of rehabilitation robots, based on the paradigm of "assist-as-needed," has been adopted by many researchers [17] , [21] [22] [23] [24] . Basically, this concept evaluates the needed assistance from the robot to the user by measuring the path/trajectory tracking error of the end-effector. The force-field controller is a typical assist-as-needed control scheme, which is applied in reaching motion training tasks, and has been successfully applied in rehabilitation training by Agrawal et al. [17] , [21] . The CAREX uses a tunnel-like force field around the nominal path to generate a desired force, which can assist the translation motion of the hand to follow the nominal path more accurately. Compared with CAREX, CAREX-7 has the new functionality that it can assist subjects to perform dexterous manipulation, including the 3-DOF translation and the 3-DOF rotation. It is desirable to conduct ADLs more easily for subjects. Therefore, a new controller based on "assist-asneeded" paradigm is presented in this paper. The goal is to have CAREX-7 provide both forces and torques on the user's hand for functional training. To quantify the required assistive forces and torques during movement in Cartesian space, a 6-DOF "wrench field" with smooth output is constructed based Fig. 1 . View of the overall CAREX-7 system including motors on a rigid frame. A user sits on a chair while working with CAREX-7. An NI PXI system is used for real-time control using LABVIEW interface on a host computer.
on deviation of the pose of the hand from its desired pose. The cables are then actuated by motors, running in torque mode, to generate the needed wrench at the hand. The control architecture of CAREX-7 has two levels. A high-level controller computes reference cable tensions to generate the wrench. The low-level controller commands the motors to follow the reference tension trajectories using a high-gain PID closed-loop.
The main contributions of this paper are as follows: 1) The additional actuated DOFs on the wrist compared with CAREX; the CAREX-7 has new functionality that it can assist the forearm and wrist motions to perform dexterous manipulations; and 2) a new training field, the "wrench field," related to both the rotation motion and the translation motion of the subject's hand is designed, which can regulate the needed assistance in dexterous motion training. Eight cables are used to drive the seven skeletal joints-this is the minimum number of cable actuators required to achieve this goal. This is achieved by satisfying the "wrench-closure" condition by the cable-driven robot in specific rehabilitation tasks. Another difference of CAREX-7 compared with CAREX is that the mechanical joint with a rotary encoder on the elbow in previous designs is removed and three inertial measurement units (IMUs) are used to measure the pose of arm segments.
The rest of this paper is organized as follows. First, the system design of CAREX-7, including the cable-driven structure and underlying electronics, is introduced. This is followed by kinematics, dynamics, and workspace analysis. Next, a section on the controller design including the details of the wrench field is introduced. Experiment results are then presented that demonstrate the feasibility of CAREX-7 on healthy subjects in assisting them with 3-DOF translation and 3-DOF rotation motions in Cartesian space.
II. SYSTEM DESIGN

A. Cable-Driven Structure Design
The human arm consists of three segments: the upper-arm, forearm, and the hand, interconnected by skeletal joints. These joints are the shoulder joint (ball in a socket joint or a 3-DOF spherical joint) that enables shoulder flexion/extension, abduction/adduction, and internal/external rotation. Elbow joint is modeled with 1-DOF elbow flexion/extension. Wrist has 3 DOFs with forearm pronation/supination, wrist flexion/ extension, and adduction/abduction. Skeletal muscles contract and apply torques on the joints to produce motion. Note that the rotation centers of skeletal joints will move slightly as the arm moves. The changing rotation center of arm joints brings complexity to the kinematic model. The lengths of limb segments are measured based on the arm anatomy when the limb is held straight. The CAREX-7 uses human arm as the mechanical structure, and actively driven cables are used to provide assistance to the arm motion.
The structure of CAREX-7 consists of four cuffs, located on the shoulder, upper-arm, forearm, and the hand, respectively. Custom-designed soft orthotics is used to fasten the cuffs rigidly to the limb segments. Three miniature IMUs (VectorNav VN-100 Rugged) are attached to the upper-arm, forearm, and the hand cuffs to sense their orientations. Nylon-coated steel cables are routed through smooth holes lined with acetal on the cuffs. Load cells (Futek-LSB200, capacity: 50 lb) are attached at the ends of the cables for closed-loop control of the cable tensions. The entire exoskeleton is attached to a chair made from 80/20. The horizontal and vertical locations of the shoulder cuff on the chair can be adjusted using two sliding bars on the chair according to subject dimensions.
The whole arm of the subject is considered as a 7-DOF serial chain. In order to assist its motion, at least eight cables are needed to fully control it. The CAREX-7 uses eight cables to actuate the system. Cable-routing points are selected to optimize the workspace so that the arm can perform dexterous motions required for most ADLs. The cables are routed from the proximal cuffs to the distal cuffs. Among the eight cables used in the design, two cables start from the shoulder cuff and end on the upper-arm cuff. Three cables start from the shoulder cuff, go through the upper arm cuff, and end on the forearm cuff. The remaining three cables start from the shoulder cuff, routed through the upper arm and forearm cuffs, and end on the hand cuff. The cables are reeled in and out by screw winches, driven by motors. All motors are mounted on a fixed frame above the subject. The CAREX-7 has new functionality over CAREX as it can assist the whole arm motion that includes not only translation but also rotation of the hand. The structure of CAREX-7 is shown in detail in Fig. 2 .
B. Electrical System
The changes in cable lengths are calculated using encoders embedded in motors, and the screw winches driven by motors have the radii of 77 mm. The kinematics, including pose of CAREX-7 and arm-joint angles, are obtained based on sensed data from IMUs using forward and inverse kinematics of serial-chain manipulators. Cable tensions are measured by load cells in series with the cables and then servomotors (Kollmorgen AKM Series) are used to actuate the cables based on the load cell data. With NI controller (NI PXIe-8135 RT), real-time control of the exoskeleton can be achieved. A user interface on a host computer is developed for CAREX-7.
For system safety, the upper bounds on motor torques and velocity are preset to avoid sudden jerks. An emergency stop is available to subjects to shut down the motor power.
III. MATHEMATICAL ANALYSIS
CAREX-7 utilizes the serial-chain configuration of human arm and the whole system forms a cable-driven robot. This section analyzes the kinematics, dynamics, and feasible workspace of CAREX-7 mounted on the human arm.
A. Kinematics Based on IMU Measurements
Upper-limb approximately works as a 7-DOF serial openchain manipulator. Its true nature brings complexity to the kinematic model. To include the inaccuracy of the model, the joint centers, i.e., the shoulder, elbow, and wrist center cannot be considered as stationary points. The position deviation of the three joint centers during motion are denoted as p S , p E , and p W . The screw coordinates of the seven arm joints are denoted as s i ∈ R 6×1 (i = 1, . . . , 7) in global coordinate system O-xyz. With q i denoting the joint angles, the end pose g O E can be calculated using POE formula:
Three IMUs are embedded in arm segments to monitor the arm motion. The IMU sensors drift in time and the drift error is usually within 2°, which has been evaluated in our previous work. The statistical experiment results also showed that the IMU outputs have nonsignificant difference in the performance of the device compared to encoders [17] . To avoid large drift over time, the IMUs were reset at the home position regularly during the experiment. By adjacent transformation between different coordinate frames, the orientation R i of each arm segment in the globe coordinate can be obtained using the IMU outputs. The location of the arm joint center has a specific path when the arm moves. Hence, a certain pose of the arm corresponds to a set of unique joint angle values. By inverse kinematics [25] of the three arm segments, real-time arm joint angles q i can be determined using R i . The shoulder girdle also plays a role especially when reaching a large ROM, while our design does not have additional DOFs for the motion of shoulder girdle. This was deliberate as it is very hard to keep the torso of subject with motor disabilities stable if the shoulder girdle motion moves freely. So, our design excludes the girdle motion, and it places the glenohumeral joint at shoulder cuff center. Inevitably, our design cannot perform very large motions as the shoulder girdle is restricted.
The variation of arm joint center has certain effects on the kinematic model. The end-effector position deviation affected by joint center deviation can be evaluated
B. Dynamics
For CAREX-7 mounted on a subject's arm, the dynamics of the whole cable-driven system can be solved in two steps: 1) multibody dynamic modeling; and 2) dynamic solution of cables to provide needed joint torques. The dynamics of the cables is ignored because of their low weight and inertia.
The dynamic modeling for 7-DOF serial-chain robot is presented in authors' previous work [26] . The assistive wrench F on end-effector is taken into the qualitative form of CAREX-7' dynamic model:
where M denotes the inertia matrix, C denotes coriolis and centrifugal term, and G denotes the gravity term, τ f denotes the equivalent torques related to cable friction and flexibility, and τ J denotes the total required joint torques. Assuming the hybrid velocity (combining the linear velocitẏ p and angular velocity ω s of the end-effector in one 6 × 1 vector) is V h , it is related to the joint velocityq with the Jacobian matrix for hybrid velocity J h as [25] 
Considering virtual work principle, a wrench F on arm end can be transferred to torque τ F on arm joints as
Take the time derivative of (1), the Jacobian matrix J s for the spatial velocity V s of end-effector can be obtained as
Based on the definition of V s and V h , the relationship between them can be obtained as
Considering (4)- (7), the assistive wrench F can be transferred to equivalent torques τ on arm joints
Since the velocity and acceleration of the arm during the rehabilitation is usually low, the inertia, the Coriolis, and Centrifugal terms in the dynamic equation are ignored. Cables are actuated to balance the device gravity and provide assistive wrench on end-effector. The joint torque generated by cable tension T can be obtained using Jacobian matrix J c as
Since (9) is underdetermined, there may be multiple sets of cable tension solutions. Assuming J + c is M-P pseudoinverse matrix and N (J c ) is null-space vector, and τ G is related to G(q), the cable tensions can be optimized using a constant λ:
C. Cable Tension Programming
CAREX-7 has the property of redundant control, which means that cable tensions can be optimized. Quadratic programming is applied for optimizing these cable tensions in order to avoid tension solution jumps and smooth the tension trajectory.
First of all, in order to increase the feasible workspace of CAREX-7 which only has one actuation redundancy, a coefficient η (0 < η ࣘ 1) is proposed as the lower bound of assistance percentage of CAREX-7, which is used to soften the constraint (9) . The assistance coefficient η is defined in joint-torque space
where J c · T is the whole joint torques provided by CAREX-7, and τ F + τ g is the needed joint torques by the subject. The coefficient η can be set based on the specific motor ability of an individual. Subjects with low disability level will correspond to a high value of η, which means that the subject will receive a higher assistance. Additionally, the lower and upper bounds of cable tensions are limited by motor capability and safety concerns. The lower and upper bounds are denoted as T l and T u , respectively. The cable tensions should be kept as small as possible while ensuring the assistive torques to the subject. The minimization of the quadratic sum of tension values is selected as the optimization objective of the quadratic programming. This quadratic programming with nonlinear inequality constraints is expressed as
D. Feasible Workspace
It is essential that the workspace of CAREX-7 covers a large percentage of upper-extremity workspace and the joint motions do not exceed the natural motion range for safety [27] . As usual, the ROM of a rehabilitation exoskeleton is expressed in joint space. Previous work shows that static workspace can approximate the feasible workspace for quasi-static motion training [28] . Cable routing is an important factor to achieve a large workspace, although the arm lengths and cuff locations also play a role.
The workspace analysis for cable-suspended mechanisms has been explored in the literature [29] [30] [31] [32] . Since CAREX-7 features a cable-driven open chain with many more undetermined parameters and DOFs than CAREX, the direct optimization for CAREX-7 becomes impractical. In order to lower the calculations and search space, some constraint conditions are preset to reduce the calculation costs of the optimization process.
1) For the integrated system, a typical set of arm lengths was chosen l 1 = 290 mm, l 2 = 280 mm, and a set of cuff locations was h 1 = 220 mm, h 2 = 200 mm, and h 3 = 50 mm. The cable tension bounds are set as: T l = 2 N, T u = 60 N.
2) The feasible workspace of CAREX-7 is calculated within the natural arm joint range.
3) The locations of cable routing points were discretized along the circular cuffs, and the cable routing points were limited to a range to avoid collisions between cables and the arm. First of all, the undetermined ranges to place each cablerouting point and the workspace of arm joints are both discretized as scattered point arrays. For a certain cable-routing configuration, the wrench-feasible condition is checked at every set of joint angles in the arm workspace, using (12) . Then, the number of feasible points for each possible cable-routing configuration is recorded. Finally, among all the possible configurations, the optimized choice is determined as the one where the largest feasible workspace of CAREX-7 can be acquired. With the optimized design of cable-routing points, the feasible workspace of the exoskeleton worn on an upper-limb is obtained.
The comparison between the frequently used ROM of the human arm and the feasible ROM of exoskeleton after optimization is shown in Table I . Due to the intrinsic nature of cable-driven systems, the feasible workspace of CAREX-7 is smaller than arm. However, the CAREX-7 can still assist the arm to perform daily activities. For path-tracking experiments using CAREX-7, the training path is first checked if it is located in the feasible workspace. Thereby, we can ensure that the subject can use the device normally. The dexterous workspace of CAREX-7 cannot be fully described in Cartesian space because the feasible orientation range of the end-effector varies with position of the end-effector. Forearm and wrist joints play a key role in reorientation of the hand. We also display the orientation workspace of CAREX-7 with respect to the wrist center. The reachable workspace and orientation workspace of CAREX-7 are shown in Figs. 3 and 4 , respectively.
IV. CONTROL SCHEME
Based on "assist-as-needed" paradigm, this section constructs a wrench field that generates an assistive wrench on the hand, which can assist the subject to follow a nominal position and orientation path. Then, the overall control scheme is designed and the control robustness is discussed.
A. Wrench-Field Design
1) Modulation of Assistance:
Considering subjective exponential mapping, for a given rotation matrix R O E ∈ SO(3), it can always be transformed as an equivalent rotation about a fixed axis ω ∈ R 3×1 (|ω| = 1) through an angle θ (0 ≤ θ < 2π). Therefore, the pose of arm end-effector can be described as
, where p denotes the position. Fig. 4 . Orientation workspace of CAREX7 is presented. The orientation workspace is displayed as the spherical surface generated by the joint ranges of q 5 , q 6 , and q 7 . The virtual bar in the figure is 100 mm long. Fig. 5 . Target points are determined as the three cases: 1) the hand has not entered the path area: p 0 is the target point; 2) the hand has exceeded the path area: p n is the target point; and 3) the hand is located in the path area: the nearest point p i in the nominal path is the target point.
Pose error of the hand is used to characterize an assist-as-needed external wrench on the hand. A nominal path, represented by pure position p and pure orientation R, is set from a starting pose 
where the direction of d i is the tangential direction t i , the direction of axis error Δω i is determined by the right-hand rule, and the direction related to angle error Δθ i is along ω i . For a nominal pose path from position p 0 to position p n , the target pose [p i , ω i , θ i ] for a tracking task is determined at the nearest point, which is obtained based on three different cases of the hand location, as shown in Fig. 5 .
First, the space around the task path is divided into three segments by the two boundary planes of the path via points p 0 and p n , and the space between the two boundary plane is called path area.
The wrench field is composed of the following four basic force/torque components, which are derived using the following rationale: 1) guiding wrench F t along the nominal path to guide the subject to follow the nominal path; and 2) Corrective wrench F n corresponding to the pose errors, which is to reduce the error between the current and the nominal path.
For basic force component modeling, it includes a corrective force f n and a guiding force f t .
1) The corrective force f n , which is also called normal force, is a function of position error d along the direction n. It decreases as a subject approaches the nominal path.
2) The guiding force f t , which is tangential to the nominal path, decreases as the hand gets closer to the target point p n . Additionally, f t will decrease if the position error d increases, which means guiding force will be kept small when the position error is too large. A path position ratio r is defined as r = |p i p n |/|p 0 p n |. Then, with the proportions a 1 and a 2 , the basic force components for position control are modeled as
The torque required for orientation control includes a guiding torque τ t and a corrective torque τ n .
1) The guiding torque τ t (τ t1 , τ t2 ) is to guide the subject to follow nominal rotation path. The guiding torque has two parts: the torque τ t1 is to make the end-effector follow planned rotation axis from ω 0 to ω n and the torque τ t2 is to make the end-effector follow planned rotation angle from θ 0 to θ n . 2) The corrective torque τ n (τ n 1 , τ n 2 ) is to reduce the rotation angle error Δθ i and the rotation axis error Δω i . The direction of τ n 1 is along the rotation axis ω i , and its magnitude is determined as a function of angle error Δθ i . τ n 2 is determined by the current and target rotation axes. With the proportions b 1 , b 2 , b 3 , and b 4 , the torque components in the wrench field are modeled as The six field proportions a 1 , a 2 , b 1 , b 2 , b 3 , and b 4 are used to define the strength level of the wrench-field assistance. With larger values of these constants, the wrench field can provide stronger assistance on the user's hand. Their regulation depends on the actual training needs and the physical condition of the user.
2) Construction of Wrench Field: Based on different cases of pose errors in path-tracking motion, two principles below are proposed to construct the wrench field using the modulated force and torque components. planned rotation axis is larger than the preset threshold (|α i | ≥ β), only the torque to correct the axis error, τ n 1 , remains and the torques for angle error, τ n 2 , become zero. To achieve a continuous mapping between pose error and assistive wrench, two coefficients are introduced to combine the basic wrench components together
The wrench-field expression, based on the three cases shown in Fig. 5 , will be represented as follows. In cases 1 and 2, only corrective forces and torques exist, because the end-effector location is out of the path area. Using the coefficient μ ω and considering the second principle, cases 1 and 2 feature the same way of wrench-field construction, with F = [f ; τ ] being written as
In case 3, taking both principles into consideration, the wrench F = [f ; τ ] in the wrench field is calculated as
B. Overall Control Scheme
The overall control scheme for CAREX-7 has a two-level structure, as shown in Fig. 6 . The high-level controller is primarily based on the mathematical analysis in Section III and the wrench-field design in Section VI-A. It provides cable tension reference T using the wrench-field controller and the cable tension optimizer. The low-level controller is the closed-loop controller for motors to follow the cable tension reference using tension feedback.
In higher level controller, nominal path is planned offline and the desired pose in task space is determined online. The current pose of hand is obtained by forward kinematics. Then, the wrench field generates a set of corresponding assistive wrench to assist the hand to track the nominal path. To provide the assistive wrench and balance the gravity, cable tension optimizer programs the required cable tensions which are treated as the reference feedforward for motor drives.
In low-level controller, the motor input consists of three parts, that is, the reference, the motor friction compensation, and the PID output. The estimated motor friction can be determined by a velocity-friction calibration experiment. With the use of load sensors attached at the end of each cable, the PID controller can control the motors to follow the reference tensions planned by the high-level controller, which is to reduce the effect of the cable friction and flexibility. The low-level control law is expressed as
where S is the motor friction compensation with respect to motor velocity v m , and K P , K I , and K D are the proportional, integral, and derivative gains of the PID controller, respectively.
C. Controller Stability
The proposed wrench-field controller can be applied to the dynamic model of the system and control the end-effector to follow the desired path. Beside the assistive wrench that the exoskeleton generates at the hand, there is also a damping wrench The stability of this nonlinear system will be verified using Lyapunov's direct method. Considering the system's dynamic model with the use of control law, a closed-loop system can be obtained as
A candidate Lyapunov function is employed as
where N can be freely chosen as a constant positive-definite matrix, and e g is defined as the pose error and set asė g = −V h . As the inertia matrix M and constant matrixN are positive definite, we can obtain V ≥ 0. In addition, V = 0 only ifq = 0 and e g = 0 is satisfied.
Take the time derivative of the Lyapunov functioṅ
Substituting (21) into (23) and considering the relation V h = −ė g , we can obtaiṅ
AsṀ − 2C is a skew symmetric matrix and V h T F d ≤ 0, V ≤ 0 can be satisfied by choosing the following formula:
For the proposed wrench-field controller, the output wrench F always increases as the corresponding pose error e g becomes large. Therefore, there exists a positive-definite coefficient matrix F 0 to ensure
We can make N = F 0 ,V ≤ 0 can be satisfied. Therefore, the dynamic model with the wrench-field controller can ensure Lyapunov stability, which also means the controller can assist the hand to approach the desired pose on the path.
Additionally, the wearable exoskeleton and the arm work together as a mechanically coupled system, so their coupled stability should be discussed. Our tests included healthy subjects who are considered passive despite neural feedbacks. Accordingly, the system with passivity will have stability under proper sets of conditions. Therefore, CAREX-7, as a stable system, coupled with the arm, an environment with positivity, will remains stable.
V. EXPERIMENTS
The experiment is conducted to show that CAREX-7 using the wrench-field controller can assist the subjects to improve the path-tracking accuracy, which demonstrates the functionality of the new system. To assess the functionality of CAREX-7 for arm movement training, four healthy subjects (marked A, B, C, and D) are recruited for a repetitive path-tracking experiment. The study was approved by Institutional Review Board. Written consents were obtained from the subjects. The measured arm lengths and cuff locations of CAREX-7 on the arm are listed in Table II .
A. Experiment Setup
The experiment was designed as a path-tracking task for healthy subjects to see if CAREX-7 can provide assistance when worn by the subjects. The healthy subjects in the experiments were instructed to relax to conduct the task, while the exoskeleton provided assistance to improve the tracking accuracy. Specifically, during the experiment, subjects were informed to move their hands at a normal speed (about 200 mm/s) The assistance level for all the subjects is set as η = 0.9. 
along a nominal path and repeat the motion over 20 s. The subjects were allowed to shut off the power if they so felt at any time. Subjects performed repetitive tracking task along three paths (L1, L2, and L3), as shown in Fig. 7 . Two different poses, described by triangular holes within red 3-Dprinted parts, together with the initial pose, are set as the three poses (O 1 , O 2 , and O 3 ). Target straight line paths were made between two poses with uniformly changing orientation.
To characterize the performance of wrench-field controllers, four different control modes were set up: GC, WFL, WFM, and WFH. The detailed settings of the wrench field are listed in Table III . These indicate the assistance levels from CAREX-7 to the subjects. WFL, WFM, and WFH, respectively, characterize low, moderate, and high assistance from the wrench field in addition to gravity compensation (GC) provided by the exoskeleton. 
B. Experiment Results
The experiment results are used to show the controller performance for the CAREX-7 and the device performance on motion assistance for the exoskeleton wearer.
1) Cable-Tension Controller Performance:
The lowlevel controller has a PID loop, the motor friction compensation, and a cable-tension feedforward module, which helps to decrease the settling time of the PID loop. A typical cabletension tracking result is shown in Fig. 8 . Because of the nonlinear friction in the cable pulleys and the potential of cable slackness, there exists a small time-lag and overshoot in tension tracking results. Tensions 3 and 4 have ripple compared to the others, which result from relatively rough contact surfaces within cable-routing holes.
Besides providing the required joint torques as motion assistance, the cable tensions also generate parasitic forces on the three upper-limb joints (the shoulder, elbow, and wrist). The cable tensions are optimized to minimize its parasitic effects, and a typical quantitative trajectory of the parasitic forces in a path-tracking process is shown in Fig. 9 .
2) Performance Evaluation: The arm skeletal model inaccuracy affects the device kinematic solution. But the kinematic model of arm is stable, which means a set of joint angles (IMU outputs) can determine an arm position. Therefore, the model inaccuracy has little effect on the contrastive path-tracking errors. Fig. 11 . Total distribution of the path-tracking errors (the unit of position error and orientation error is mm and rad, respectively) under the four control modes: GC, WFL, WFM, and WFH. The pairwise significance between the control modes is marked with " * ," and if no significant difference exists, it is marked with "o."
The comparative results of path tracking under the four control modes (GC, WFL, WFM, and WFH, shown in Table III) were processed to evaluate the performance of the exoskeleton. The pose error in path tracking is expressed as [d, Δω(α), Δθ] described in Section IV-A. Furthermore, to define the orientation error more simplistically, it is expressed as
The typical pose error under the four control modes in the repetitive motion tracking task are shown in Fig. 10 . The results show that the tracking error between the actual path and the nominal path decreases with a reasonably higher wrench field.
The mean and standard deviation of position error d and orientation error γ in all the tasks are calculated. The data when the system runs stably are chosen for analysis, which can ensure the fidelity of performance in the evaluation results. It is important to note that only the choice of wrench-field controllers were taken as a factor within the experiment results. To analyze the pose error statistically, one-way repeated-measure analysis of variance (ANOVA) was used. The alpha value was set at 0.05. The statistical results are shown in Table IV and Fig. 11 .
The box-whisker plot (see Fig. 11 ) displays the distribution of the tracking results shown in all the tasks. As it shows, the position/orientation errors are within the inner fence (between the upper and lower adjacent) and there is no extreme outlier. The values in brackets are the improvement percentage of tracking results. The symbol " * " means the significant level is lower than α , that is, there is significant difference for a certain comparison.
Besides, it is seen that the path-tracking errors decrease as the wrench field becomes higher. The result of ANOVA showed that the choice of wrench-field controller has significant effect on position error (p = 0.000, F = 13.049) and orientation error (p = 0.000, F = 8.973). The comparison of the pose errors under the four control modes shows that a higher wrench field can help the subject do the path-tracking task more accurately. The results of post-hoc tests are shown in Table V . Posthoc comparisons show that the position error under the GC condition is significantly larger than under the WFL (p = 0.012), WFM (p = 0.000), and WFH (p = 0.000) conditions. The position errors under the WFM (p = 0.003) and WFH (p = 0.040) conditions are significantly smaller than under the WFL condition. Besides, the orientation error under the GC condition is larger than the WFM (p = 0.002) and WFH (p = 0.000) condition, but not the WFL condition. The orientation errors under the WFM (p = 0.039) and WFH (p = 0.007) conditions are smaller than under the WFL condition. There is no significant difference either in the position error or the orientation error between the WFM and WFH conditions. The pairwise comparisons reveal that a properly larger wrench field can help the subjects follow the path more accurately, while we cannot just enlarge the wrench-field parameters to avoid excessive assistance. The statistical results demonstrated that the exoskeleton with wrench field is capable of assisting the wearer to better track a prescribed position and orientation path. The wrench-field parameters, which directly determine the scale of the assistance from the exoskeleton, should be chosen for subjects based on the individual physical conditions and specific tasks. When the physical condition of the subject becomes better, the assistance level will be lowered by decreasing the parameters tentatively.
VI. CONCLUSION
Dexterous motion assistance is desirable by patients with motor disabilities in rehabilitation training. This paper described CAREX-7, a 7-DOF cable-driven arm exoskeleton, which can provide 3-DOF forces and 3-DOF torques in Cartesian space to assist in 6-DOF dexterous motion training tasks of the arm. This paper highlights the design of CAREX-7 for full arm rehabilitation training in a dexterous workspace with assist-asneeded training paradigm. An artificial wrench field using a screw-theoretic approach is proposed, by which the exoskeleton can assist the arm with needed wrench for 6-DOF dexterous arm training. Based on the mathematical analysis of CAREX-7, the design with the minimum number of eight active cables generates the assistive wrench under an adjustable assistance rate related to the actual task. The cable-driven design of CAREX-7 offers motion assistance for all the seven arm joints and has the advantages of being lightweight without the need for accurate joint alignment between the exoskeleton and human joints. It can be a good choice for either a rehabilitation training device or an assistive device.
Further studies will focus on improving its functionality. First, passive and adaptive orthotics will be designed to connect the exoskeleton to the arm and improve the comfort of mechanical interface while decreasing the relative motion of the exoskeleton on the arm. Second, self-identification algorithm will be developed to improve the exoskeleton model. In clinical trials, EMG signals will be measured as an assessment tool [33] .
